Understanding the biology of prostate cancer metastasis has been limited by the lack of tissue for study. We studied the clinical data, distribution of prostate cancer involvement, morphology, immunophenotypes, and gene expression from 30 rapid autopsies of men who died of hormonerefractory prostate cancer. A tissue microarray was constructed and quantitatively evaluated for expression of prostate-specific antigen, androgen receptor, chromogranin, synaptophysin, MIB-1, and ␣-methylacylCoA-racemase markers. Hierarchical clustering of 16 rapid autopsy tumor samples was performed to evaluate the cDNA expression pattern associated with the morphology. Comparisons were made between patients as well as within the same patient. Metastatic hormone-refractory prostate cancer has a heterogeneous morphology, immunophenotype, and genotype, demonstrating that "metastatic disease" is a group of diseases even within the same patient. An appreciation of this heterogeneity is critical to evaluating diagnostic and prognostic biomarkers as well as to designing therapeutic targets for advanced disease.
INTRODUCTION
In the United States, prostate cancer remains the most common solid tumor malignancy in men, causing ϳ30,000 deaths in 2004 (1) . With the goal of trying to better understand the biology of prostate tumorigenesis and metastasis, we have developed a rapid autopsy program to collect tumors from multiple sites including solid organs and bone to perform molecular studies to better delineate prostate cancer progression (2) . Our group has used these samples with a combination of cDNA expression and tissue microarray analysis approaches to identify novel prostate cancer biomarkers, including Enhancer of Zeste homolog 2 (EZH2), Metastasis associated 1 (MTA1), PIM1, and ␣-methylacyl-CoA racemase (AMACR), with a supervised analysis comparing androgen-independent to localized prostate cancer samples (3) (4) (5) (6) (7) .
These previous studies, however, lump metastatic tumors as a single entity, whereas the patterns of dissemination at autopsy suggest that metastatic cancer may better be characterized as a group of diseases rather than a single entity. Our goal of the present study was to study the phenotypic characteristics of metastatic prostate cancer in detail. Our data indicate that metastatic prostate cancer demonstrates substantial heterogeneity, even within the same patient. We believe detailed characterization of the heterogeneous phenotypic spectrum of end stage metastatic prostate cancer will guide future molecular studies on metastatic disease, as well as provide a framework for identifying subtypes that may respond better to novel therapeutics.
the tested markers (0 -100%). The final data were recorded in a Microsoft Excel datasheet and were used for statistical analysis.
Microarray Analysis (cDNA). The spotted cDNA microarrays used for the identification of differentially expressed genes in the rapid autopsy series have been previously described (6, 7) . The cDNA arrays contained ϳ5,500 known, named genes from the Research Genetics human cDNA clone set, and Ͼ4,400 expressed sequence tags (7) . The expression array data were analyzed with a Cluster and TreeView 8 to explore for relationships between samples (14) .
Statistical Analysis. Regression tree was fitted with time from chemotherapy to death as response, and each immunohistochemistry marker percentage staining values was dichotomized according to the root node splitter from the fitted tree. Survival time was divided into Ͼ14.5 months and Ͻ14.5 months to represent good versus bad outcome, and 2 ϫ 2 contingency table was generated to test the association between the outcome and maker staining levels. Exact test and linear regression were also performed with statistical software package (SAS Institute Inc., Cary, NC) to measure association between different clinical variables and immunomarkers with survival time.
RESULTS
Clinical Findings from 30 Rapid Autopsy Cases. Between September 1996 and November 2003, 30 rapid autopsies were performed on men who died of advanced hormone-refractory prostate cancer ( Table 1 ). The median age at time of death was 71 years (range, 53-84 years). Twenty-eight men were initially diagnosed with clinically localized prostate cancer but developed widely disseminated disease after 5-10 years. Eight men underwent radical prostatectomy before receiving additional treatment and 17 men received external beam radiation as their primary treatment. Twenty-eight men received combination chemotherapy, and all underwent hormonal manipulation. Initial Gleason score was documented in 20 of 30 men and ranged from 4 to 10. The time that patients were treated with androgen deprivation ranged from 0 to 144 months. Patients survived in the hormone-refractory state (measured as time from first chemotherapy) from 0 to 61 months with a hormone-refractory median survival of 14.5 months.
Rapid Autopsy Findings. Widely disseminated prostate cancer was found in most cases. Bone (83%) was the commonest site of metastasis, followed by liver (66%), lymph nodes (63%), lungs (50%), soft tissues (40%), dura (26%), and adrenal glands (23%). A summary of the percentage distribution pattern of prostate cancer metastasis is presented in Fig. 1A . Six cases (20%) had predominantly skeleton system involvement; however, no cases presented with only bone involvement. Five cases (16%) presented with only visceral organ involvement (liver and/or lymph node) without grossly observable evidence of bone involvement. The prostate gland was present in 70% (21 of 30) of cases; of these, 6 cases demonstrated androgen therapy effect as has been previously described in primary prostate cancer (15) . Residual tumor was identified in 20 of 21 cases, 8 cases had extensive disease with involvement of bladder and pelvic soft tissues, and 12 had low volume of disease.
Review of the histologic appearance of these metastatic prostate cancers revealed heterogeneous patterns with architectural patterns 8 http://www.microarrays.org. Fig. 1 . A, distribution of hormone-refractory prostate cancer metastasis from 30 rapid autopsy cases performed at the University of Michigan. B, schematic overview of the distribution and overlap of the different histologic patterns identified in the cases from the rapid autopsy hormone-refractory metastatic prostate cancers (NE, neuroendocrine). (17), we nevertheless applied the Gleason grades to use a system that is well known to practicing pathologists. The distribution and overlap of different histologic patterns identified in these cases are schematically demonstrated in Fig. 1B and summarized in Table 2 . Four cases had uniform tumor morphology at all sites, growing in solid sheets and nests with or without comedonecrosis, resembling Gleason grade 5 ( Fig. 2A and B) . Three cases demonstrated uniform morphology at all sites, with tumors growing in a confluent cribriform glandular pattern resembling Gleason grade 4 ( Fig. 2C ). The majority of cases (18 cases) had tumors with a mixture of the above two growth patterns resembling a mixture of Gleason grades 4 and 5. Three cases demonstrated neuroendocrine differenti- 2 . A-I, hematoxylin and eosin stain. Histologic spectrum of treated metastatic prostate cancer: Solid sheets and nests of uniform tumor cells without (A, ϫ200), and with comedonecrosis (B, ϫ200) similar to Gleason grade 5, confluent cribriform glandular pattern of tumor similar to Gleason grade 4 (C, ϫ200), Neuroendocrine differentiation characterized by growth pattern of ribbons, trabaculae, and nests with uniform round nuclei, high N:C ratio, and salt and pepper chromatin (D-E, ϫ200), small-cell carcinoma, characterized by spindling and molding of the nuclei and high mitotic activity (F, ϫ400), uniform tumor cells with well-formed glands similar to Gleason grade 3 (G, ϫ200), tumor cells demonstrating poor cohesion with an undifferentiated growth pattern (H, ϫ400), and tumor with signet ring cell differentiation (I, ϫ200).
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on September 23, 2017. © 2004 American Association for cancerres.aacrjournals.org Downloaded from ation characterized by tumor growing in nests, trabaculae, and ribbons with uniform round nuclei, high N:C ratio, and salt and pepper chromatin ( Fig. 2D and E) . Only one of these three cases was seen as pure growth pattern, whereas in the remaining two cases, neuroendocrine differentiation was seen in combination with Gleason grade 5 pattern. Two cases had tumors with small-cell neuroendocrine carcinoma, similar to oat-cell carcinoma of the lung, characterized by spindling, crushing, and molding of the nuclei and high mitotic activity (Fig. 2F) . Three cases had well-formed glands resembling Gleason grade 3 at some metastatic sites in addition to other growth patterns (three cases; Fig. 2G ). In one case, metastatic tumors demonstrated poor cohesion with an undifferentiated growth pattern (Fig.  2H) , and another case demonstrated focal signet ring cell differentiation (Fig. 2I ) in addition to growth pattern of Gleason grade 5. The wide range of these varied histologic patterns is summarized and illustrated in Fig. 2 and Table 2 . The distribution and overlap of different histologic patterns identified in these cases are schematically demonstrated in Fig. 1B . In one case, focal sarcomatoid differentiation was present only within the prostate site. Focal to diffuse nuclear pleomorphism within tumor cells was seen in 40% of cases, the remaining cases showed round-to-oval uniform nuclei often with prominent nucleoli, a bland cytology typical of prostate cancer.
Choice of Immunomarkers. Previous work by our group and others have described the immunophenotype of hormone-refractory metastatic prostate tumors (7, 8, 18 -20) . One limitation of our previous work has been the subjective manner in which protein expression was reported. Therefore, to attempt to provide more quantitative results and to study potential heterogeneity, we used the Chroma vision ACIS II system for the evaluation of several prostate cancer immunomarkers including PSA, AR, CGA, SYN, MIB-1, and AM-ACR. PSA was chosen because of its common use as a surrogate marker in the treatment of metastatic disease. AR was chosen because of its importance in understanding the development of androgenindependent disease. CGA and SYN were chosen to explore the concept of neuroendocrine differentiation in androgen-independent disease. MIB-1 was chosen as a proliferation marker. AMACR, a new molecular marker, has previously been shown to be a highly sensitive marker for clinically localized prostate cancer and colorectal cancer (3, 21) . Our group recently demonstrated that AMACR expression is down-regulated in hormone-refractory metastatic prostate cancer, is androgen independent, and is likely related to tumor differentiation (22) .
Immunophenotype of Prostate Cancer in Different Patients. The results are summarized in Table 2 . The data present the median percentage staining with the range of the immunomarkers across all patients according to tissue site as present on the tissue microarray. All of the immunomarkers demonstrated considerable heterogeneity across disease sites. PSA expression was seen to vary for the percentage of PSA-positive cells with median expression of 39.3 (range, Results are present as the median percentage staining. A range is given if there was more than one sample from that given site in a patient. All of the patients demonstrated marked differences in AR expression between different tissue sites (2-to 50-fold; Table 3 ). There was no pattern to the differences in AR expression between the different organ sites that could be distinguished, and this was true across all patients. Perhaps most striking was that several patients demonstrated a high amount of AR staining, although they were no longer responding to androgen-deprivation therapy. PSA expression also varied widely between tissue sites and, sometimes, even within the same tissue site of a patient (Table 4) . For example, Case 30 demonstrated a range of PSA expression from a median of 3.03 in the prostate to a median of 60.61 in the bone, but the range of expression in the bone itself ranged from 14.67 to 77.86.
Expression Array Analysis of Different Metastatic Tissues. We next sought to determine whether the heterogeneity in histology and phenotype was mirrored by heterogeneity in gene expression. With expression array data that we have previously generated (6 -8), we performed hierarchical clustering of the 16 metastatic samples from six cases in the rapid autopsy series. The metastatic adenocarcinoma samples were highly heterogeneous (Fig. 4) . Only two metastases from a patient with small-cell histology demonstrated comparable cDNA expression results (Fig. 4) . With the ONCOMINE database, we 
DISCUSSION
Autopsy series have been a valuable part of understanding the natural history of diseases, including prostate cancer (24 -29) . This study underscores the continued importance of the autopsy in modern medicine. It demonstrates that metastatic cancer is a group of diseases and needs to be treated as such and emphasizes the importance of obtaining metastatic tissue to understand the biology of prostate cancer. It is a widespread belief that prostate cancer metastasizes to osseous sites but rarely to visceral organs. Three groups (i.e., University of Michigan, Ann Arbor, MI; University of Washington, Seattle, Washington; and Johns Hopkins University, Baltimore, Maryland) have developed rapid autopsy programs with the goal of procuring metastatic osseous and nonosseous prostate cancer samples for research purposes (2, 20) . Our data and those of others demonstrate that prostate cancer commonly metastasizes to lymph nodes, liver, lung, adrenal, and dura sites in addition to the bone (20, 24) . The MIB-1 data confirm the work of others in demonstrating the slow doubling time of prostate cancer, which suggests that the cancer develops in multiple sites over a long period of time (30, 31) . These data also have implications for developing therapy because treatment based on using agents that act on cells with a rapid doubling time may not be effective in androgen-independent prostate cancer. The low rate of effectiveness of traditional chemotherapy agents in prostate cancer appears to reflect this finding.
We, as well as others, have identified several genes that are differentially expressed in primary versus metastatic disease (6, 7, 32) . By definition, these analyses are designed to find potential similarities between samples at a similar disease stage and compare the two groups. Whereas these studies have identified several potential biomarkers, they were also remarkable for the amount of heterogeneity and overlap between primary and metastatic samples. To date, metastatic prostate tissue samples from the same patient and between patients have not been systematically been analyzed in an attempt to quantify this heterogeneity and to determine whether it may be important. Our data demonstrate that there are substantial differences in the genotype and phenotype of metastatic prostate cancer between patients and within the same patient. The data in Tables 2, 3 , and 4, as well as in Fig. 3 demonstrate this heterogeneity when comparing metastatic sites. We did not investigate heterogeneity within individual metastatic sites by comparing multiple biopsies from a given site; however, it seems likely that heterogeneity would have been revealed at that level also. This will be the subject of future studies.
Normal prostate tissue and virtually all primary prostate cancer have been found to uniformly express AR; however, information of AR expression in hormone-refractory prostate cancer is limited (33) . Our study demonstrates heterogeneity in AR expression with frequent AR-positive and AR-negative tumor populations between and within the same patient (Tables 2 and 3 ). In this study, overall AR expression is down-regulated in hormone-refractory prostate cancer, with 41.5% of tumor samples demonstrating Ͻ10% of AR, which suggests that, in such cases, an alternate AR bypass mechanism may also be important in the progression of androgen independence (34) . However, the majority of patients still express substantial amounts of AR although they have undergone long-term androgen ablation. Because intracellular AR, a ligand-dependent transcription activator mediates androgen action, abnormalities in AR are believed to play an important role in the progression of prostate cancer (34 -36). Chen et al. (37) have recently demonstrated that the AR in androgen-independent prostate cancer can still be active and fueled by submicromolar amount of testosterone. Our present study supports the observation that the AR still may play a central role in the biology of what has been traditionally termed "androgen-independent" disease.
Another clinically significant finding of this study is the low frequency of neuroendocrine phenotype in prostate cancer patients. It has been suggested that most androgen-independent prostate cancer has a neuroendocrine phenotype, and investigators have reported a correlation between the percentage of neuroendocrine expression with Tables 3 and 4 demonstrate heterogeneity in PSA and AR protein expression of metastatic sites in the same patient. (8, 20, 38, 39) . Our data, as well as those of others, especially from the University of Washington, Seattle, suggest that this is not the case (20) . In our series, only three patients demonstrated neuroendocrine phenotype by histology (two with pure small-cell histology and one with pure neuroendocrine differentiation but not reaching the threshold of small-cell carcinoma). Immunostaining for SYN and CGA was considerably variable and did not correlate with clinical outcome in the androgen-independent patients (as measured from the time of first chemotherapy).
We have extensively used these tumor samples from the rapid autopsy for research directed at understanding prostate cancer progression. Initial expression array analysis was critical in the identification of prostate-and cancer-specific genes such as Hepsin, EZH2, MTA1, and TPD52. (6, 7, 40) This initial work grouped all of the hormone-refractory metastatic prostate cancer samples together for purposes of analysis and compared them with primary cancers as well as with normal tissue. These analyses were valuable in that they picked out dominant genes that were expressed differently over a majority of different tumor stages; however, these studies were not done by laser-capture microdissection and, therefore, did not take into account the heterogeneity of the tissues at similar stages. After review of the wide spectrum of histology in this study, we also questioned whether there was heterogeneity of gene expression when comparing metastatic tissue in androgen-independent disease. To our knowledge, this type of analysis, comparing metastatic samples against themselves, has not been done previously. We performed hierarchical clustering of 16 tumor samples from eight rapid autopsy cases. One case with two samples from two different sites had small-cell morphology. Whereas a few genes were differentially expressed in the majority of the metastatic sites including topoisomerase II␣, M r 170,000 and procollagen-lysine, the majority of metastases did not share a similar gene expression pattern. These data demonstrate that the metastases share more differences than similarities in gene expression when compared with each other. These data were previously obscured when the metastases were used as part of larger arrays comparing normal and primary cancers with metastatic tissue. When we viewed the 95 most substantially differentially expressed genes, there were clusters of genes that were overexpressed only in the small-cell metastatic samples (Fig. 4) . When small-cell prostate cancer does occur, it seems to have the genotypic pattern of small-cell lung cancer. With ONCOMINE, we were able to interrogate other over-60-expression array datasets that contained information on these differentially expressed genes (23) . Multiple genes, including TTF-1, PLOD2, TOP2A, Cyclin A2, CDC2, RBBP8, and GNAS, found to be overexpressed in the two samples from a metastatic small-cell cancer of the prostate have all been previously identified as being significantly overexpressed in small-cell cancers of lung as compared with benign lung tissue as demonstrated by the adjusted P-values with ONCOMINE (40 -43) .
Previous studies have demonstrated the value of using PSA immunohistochemistry in the diagnosis of metastatic prostate cancer (44, 45) . As previously noted by Stein et al. (45) , the majority of end-stage prostate cancers retain PSA expression if all tumor samples are evaluated; however PSA expression is quite variable when individual tumor samples are evaluated (Tables 2, 4 ). There seemed to be no correlation between AR expression and PSA expression, which suggests that PSA expression may be driven by non-AR mechanisms in late-stage prostate cancer. We noted that patients with a median PSA staining of Ͼ50% had a longer survival in the androgen-independent setting than those with Ͻ50% staining. Roudier et al. (20) also found that that tumors with Ͼ50% of sites with Ͼ50% of cells expressing PSA were significantly associated with longer survival.
In conclusion, it is of note that no single biomarker or group of biomarkers has yet been identified that can successfully predict disease recurrence 100% of the time. Although studies have tried to identify subsets of genes that characterize the metastatic phenotype, these, by definition, ignore the heterogeneity of metastatic cancer (6, 7, 32) . We demonstrate that end-stage hormone-refractory metastatic prostate cancer is a heterogeneous group of diseases. Understanding this heterogeneity is key to understanding prostate cancer progression and to guiding the development of future treatment paradigms.
